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Abstract. This paper focuses on the modelling and 
simulation for a photovoltaic system formed by monocrystalline 
solar modules. The objective is to find the parameters of the 
nonlinear I-V equation by adjusting the curve at three points: 
open circuit, maximum power, and short circuit. This paper 
brings a novel iterative procedure to find the value of diode 
ideality factor, series and equivalent shunt resistances. 
Simulation studies are carried out in order to uncover 
temperature dependence, solar radiation change, and output 
power variation. Finally, conclusions are duly drawn. 
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1. Introduction 
 
Renewable energy resources will play a significant role 
in the world energy supply in the upcoming future. 
Among the renewable energy resources, solar energy has 
ubiquity and abundance [1]. Solar energy is the primary 
source for other types of renewable energy, except tide 
and geothermal energy. It is accessed in almost all parts 
of the earth and has an excellent sustainability.  
 
In recent years, significant photovoltaic (PV) deployment 
has occurred, particularly in Germany, Spain and 
Japan [2]. Apart from the solar thermal plants, the 
spreading of PV systems is being encouraged by the 
feed-in tariffs and by the drop in crystalline cells’ 
prices [3].  
 
Also, PV energy is expected to become an important 
player in the coming years in Portugal, since it is one of 
the European countries with the highest levels of solar 
radiation. Sunshine in mainland Portugal varies between 
1800 and 3100 hours per year, so the country has a huge 
potential for solar energy exploitation.  
The aim in Portugal is to reach 1500 MW of installed 
capacity by 2020, according to the Portuguese National 
Strategy ENE 2020, multiplying tenfold the existing 
capacity [4]. 
 
A PV array may be either a panel or a set of panels 
connected in series or parallel to form large PV systems. 
Power-electronic converters may be used to regulate the 
voltage and current at the load, to control the power flow 
in grid-connected systems, and for the maximum power 
point tracking (MPPT) of PV systems [5]. 
 
By far, the simplest equivalent electrical circuits 
approach is a current source in parallel with a diode [6]. 
An improved version is the inclusion of a series 
resistance in the equivalent electrical circuit approach 
and an extension of this version includes an additional 
shunt resistance, augmenting the number of parameters 
for four to five. This version is justified for modelling 
with improved accuracy and is followed in this paper. 
 
2. Modelling 
 
A. Single-Diode, Series and Shunt Resistances 
 
The equivalent circuit model for a solar cell simulation 
with single-diode, series and equivalent shunt resistances, 
is shown in Figure 1. 
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Fig. 1.  Equivalent circuit of the solar cell. 
The equivalent circuit model can be used to simulate an 
individual cell, a module, an array or a panel. In Figure 1, 
G is the solar irradiance, Is is the photo generated electric 
current, Id1 is the current at diode D1, Ip is the leakage 
current, Rp is the equivalent shunt resistance, Rs is the 
series resistance, I is the output current, D2 is the by-pass 
diode and V is the output voltage. The thermal voltage of 
the model is given by: 
 
q
kTVT
1
1
=  (1) 
 
where VT1 is the thermal voltage at the cell temperature T1 
in Kelvin, k is the Boltzman’s constant, q is the electron 
charge. The I-V characteristic associated with the model 
shown in Figure 1 for the solar cell is given by: 
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where I01 is the diode reverse bias saturation current, m1 
is the diode ideality factor. 
 
For constant irradiance and p-n junction temperature 
conditions, the short circuit current is the greatest value 
of the current at the cell terminals. The short circuit 
current is given by: 
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For constant irradiance and p-n junction temperature 
conditions, the open circuit voltage is the greatest value 
of the voltage at the cell terminals. The open circuit 
voltage Voc is given by: 
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The diode ideality factor is given by: 
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where *mV  is the voltage for maximum power at STC, *mI  
is the current for maximum power at STC, *ocV  is the 
open circuit voltage at STC, *scI  is the short circuit 
current at STC, *mI  is the current for maximum power at 
STC. 
The output power is given by: 
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3. Iterative Procedure 
 
Each I-V characteristic curve specifies a unique operating 
point at which maximum possible power is delivered. 
This is the MPP, where the PV operates at its highest 
efficiency. 
 
The data considered are the STC cell voltage for 
maximum power, current for maximum power, open 
circuit voltage, and short circuit current.  
 
The goal for the novel iterative procedure proposed in 
this paper is to find the value of diode ideality factor, 
series and equivalent shunt resistances, with a very good 
approximation in the neighbourhood around the 
maximum of the I-V curve, since this is the aimed 
operation point. The Newton–Raphson method is used in 
the proposed iterative procedure due to the ability to 
overcome undesired behaviours. 
 
The iterative procedure to adjust the I-V output 
characteristics of the solar cell is shown in Figure 2. 
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Fig. 2.  Iterative procedure to adjust the I-V output 
characteristics of the solar cell. 
 
Plotting the I-V characteristic curves requires solving (2) 
for ][0, scII∈  and ][0, ocVV∈ . Equation (2) does not 
have an explicitly, i.e., that is ),( IVfI =  or ),( VIfV =  
are implicit equations. Hence, numerical methods have to 
be used and this imposes an adequate formalism, for 
instance, writing the I-V as 0),(),( =−= IVfIIVg  points 
are easy obtained by numerically solving for a set of 
terminal voltage values, obtaining the corresponding set 
of output current points. 
4. Simulation Results 
 
The mathematical models for the solar cell with single-
diode, series and shunt resistances were implemented in 
Matlab/Simulink. Table 1 summarizes the data for the 
monocrystalline solar cell at STC referenced in [7]. 
 
Table I. - Solar cell data for BP4175 Module at STC 
 
Parameter Solar cell 
Voltage at maximum power 35.4 V 
Current at maximum power 4.9 A 
Open circuit voltage 44.5 V 
Short circuit current 5.5 A 
Number of cells for module 72 
Temp. coeff. at open circuit voltage -(160±20) mV/ ºC 
Temp. coeff. at short circuit current (0.065±0.015) % / ºC 
NOCT 47 ºC 
 
The I-V characteristics for various conditions of solar 
irradiation and cell temperature of 25 ºC are shown in 
Figure 3.  
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Fig. 3.  I-V characteristics for various conditions of solar 
radiation and cell temperature of 25 ºC. 
The P-V characteristics for various conditions of 
temperature and 1000 W/m2 of solar irradiation are 
shown in Figure 4.  
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Fig. 4.  P-V characteristics for various conditions of 
temperature and 1000 W/m2 of solar irradiation. 
As shown in Figure 4, an increase of cell temperature 
causes a decrease in the output power of solar cell.  
 
The variation of the diode saturation current with cell 
temperature is shown in Figure 5. 
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Fig. 5.   Variation of the diode saturation current with cell 
temperature. 
 
The output power variation for various conditions of 
temperature and 1000 W/m2 of solar irradiation are 
shown in Figure 6. 
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Fig. 6.   Output power variation for various conditions of 
temperature and 1000 W/m2 of solar irradiation. 
 
As shown in Figure 6, an increase of cell temperature 
causes a less pronounced decrease in the output power of 
solar cell. 
 
5. Conclusion 
 
The behaviour of a solar cell model, considering a solar 
cell with single-diode, series and shunt resistances, is 
studied in this paper. The computational simulations 
consider temperature dependence and solar radiation 
change. Meaningless negative series resistance is avoided 
with the novel iterative procedure. 
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